The infralimbic region of the medial prefrontal cortex (IL) modulates autonomic and neuroendocrine function via projections to subcortical structures involved in the response to stress. We evaluated the contribution of the IL to the cardiovascular response evoked by acute stress. Under anesthesia (80 mg/kg ketamine/ 11.5 mg/kg xylazine), rats were implanted with telemetry probes or arterial lines for recording heart rate and blood pressure. Guide cannulae were implanted to target the IL for microinjection of muscimol (100 pmol/100 nl), NMDA (6 pmol/100 nl) or vehicle (100 nl). Microinjection of muscimol, an agonist of GABA A receptors, into the IL had no effect on stress-evoked cardiovascular and thermogenic changes in any of the paradigms evaluated (cage switch, restraint plus air jet noise, or air jet stress). However, microinjection of the excitatory amino acid NMDA into the IL attenuated the pressor and tachycardic response to air jet stress. Pretreatment with the selective NMDA antagonist AP-5, (100 pmol/100 nl) blocked the effect of NMDA on the cardiovascular response to air jet stress.
Introduction
The negative impact of stress on human health is well known (7, 10, 22, 27, 31, 37) . In response to environmental stressors, the mammalian central nervous system generates an integrated pattern of endocrine, autonomic, and behavioral changes that are highly conserved across species. The medial prefrontal cortex (mPFC) is thought to regulate a variety of autonomic functions associated with stress in both rats (20, 21, 32, 46) and humans (12, 13) . The mPFC has anatomical connections with limbic and brainstem structures involved in physiological stress responses and expression of emotion-related behaviors, including the amygdala, periaqueductal gray (PAG), hypothalamus, solitary nucleus (NTS) and dorsal raphe (RP) (17, 26, 49) .
Anatomically, the mPFC in the rat consists of four main divisions, which from dorsal to ventral are; (1) medial agranular region (AGm), (2) anterior cingulate (AC), (3) prelimbic cortex (PL) and (4) infralimbic cortex (IL) (4, 34, 39, 49) . The subdivisions of the mPFC have differential projections which undoubtedly reflect separate and distinct functions of these regions (49) . In particular, studies have shown that cardiovascular effects were more evident when its ventral portion (vmPFC) which comprises the PL and IL cortex was stimulated (18, 34) .
There is evidence that glutamatergic terminals and receptors are present in the mPFC (23, 33 ) and tachycardia and increases in blood pressure can be evoked by activation of local ionotropic N-methyl-D-aspartate (NMDA) receptors (40) . In contrast, inhibition of the vmPFC by microinjection of muscimol had no effect on either baseline cardiovascular parameters or restraint stress-induced tachycardia but significantly increased restraint stress-induced Fos expression (a marker for neuronal activation) in the dorsomedial hypothalamus (DMH) (30) . The DMH is a key region involved in the cardiovascular responses to experimental stress in rats (44, 45 ).
More recently, it was shown that acute inhibition of PL using the non-specific synaptic blocker CoCl 2 potentiated the heart rate response (HR) without affecting the blood pressure response to restraint stress (47) . Conversely, acute inhibition of the IL attenuated restraintevoked tachycardia, suggesting opposite roles for IL and PL in the cardiovascular response to emotional stress. Therefore, the authors concluded that under basal conditions, neuronal activity in the PL exerts an inhibitory influence on restraint-evoked tachycardia while activity of neurons in the IL facilitates the tachycardic response to stress by suppressing parasympathetic activity and/or increasing sympathetic activity (47) . However given the anatomical proximity of the PL to the IL and the relatively large volumes of injection of inhibitors (200 nl) used in these studies (30, 47) , the functional distinction between these regions remains unclear.
In the present study we have attempted to reevaluate the role of the IL in the cardiovascular response to acute stress. Thermal responses to stress were also evaluated. For this purpose we i) analyzed the effect of inhibiting the IL using microinjections of muscimol in a reduced volume in three different stress paradigms, ii) examined the possibility that activation of NMDA receptors in the IL might alter the physiological response to acute stress, iii) investigated a possible modulatory effect of IL on the cardiovascular response evoked from dorsomedial hypothalamus.
Methods

General Procedures
Experiments were performed on male Sprague-Dawley rats (Harlan, Indianapolis, IN, USA) or male Wistar rats (CEBIO, Belo Horizonte, MG, Brazil) weighing 290-330 g at the time of the first surgery. Animals were housed individually and maintained in a 12 h light-12 dark cycle. Free access to water and food was allowed. All procedures conformed to the regulations set forth by NIH and were approved by the Institutional Animal Care and Use Committee of the Indiana University School of Medicine. Experiments performed in Brazil obeyed the same regulations.
In 12 rats a Dataquest telemetric system (Data Sciences Inc., St.Paul, MN) was employed for measurement of HR, mean arterial pressure (MAP). Core body temperature (Tco) was also recorded using telemetry but only in the first two groups of experiments. Animals were anaesthetized (80 mg/kg ketamine and 11.5 mg/kg xylazine, I.P.) and the flexible catheter of telemetric probe (C-50-PXT, Data Sciences, MN, USA) was implanted into the abdominal aorta through the right femoral artery. The transmitter body was placed in the abdominal cavity and sutured to the abdominal wall. After the transmitter implantation, guide cannulae (26 ga, Plastics One, Roanoke, VA, USA) were implanted for microinjection of drugs into the IL cortex. Briefly, rats were placed in a stereotaxic apparatus with the incisor bar positioned at 3.5 mm below the level of the interaural line. The guide cannulae were positioned according to the coordinates of the Paxinos and Watson atlas (38) using bregma as a reference point; coordinates for the IL: 2.7 mm anterior, 0.7 mm lateral, 4.5 mm ventral. The guide cannulae were then secured by two jeweler's screws, Vetbond glue, and dental acrylic. Dummy cannulae were inserted into the guides, and animals were returned to their home cages for recovery. Rats were allowed at least 6 days for recovery before beginning experimental protocols.
In 33 animals blood pressure and HR were recorded from an indwelling femoral arterial catheter connected to a blood pressure transducer (Biopac Systems, model MP 100 A-CE, CA, USA). In these rats, guide cannulae were implanted into the IL first as described above, and were allowed to recover for at least 5 days. Then, animals were anesthetized again, and a catheter was inserted in the abdominal aorta through the femoral artery. A small incision was made in the inguinal region, and a polyethylene catheter (0.011 ID, Clay Adams, Parsippany, NJ, USA) filled with heparinized saline and sealed with a stylet was inserted into an exposed femoral artery. The catheter was routed subcutaneously (s.c.) to the nape of the neck where it was exteriorized and secured. All incisions were closed with small sutures. Rats were then allowed to recover in their home cages for at least 24 h before experiments began. All animals for which data were reported remained in good health throughout the course of the surgical procedures and the experimental protocols as assessed by appearance, behavior, and maintenance of body weight.
Experiments were performed in a room in which the temperature was maintained at 24-25•C. On the day of the experiment each rat had their HR, MAP and core body temperature The syringe was mounted in an infusion pump (Harvard Apparatus, Holliston, MA, USA) that was used to deliver 100 nl of injectate over 30 s. The microinjection was considered successful if, immediately after removal of the microinjector, flow appeared within 3 s after the pump was reactivated, indicating that the injector was not clogged.
In 4 experiments rats were anesthetized with urethane (Sigma, USA) (1.2-1.4 g/kg i.p.).
The trachea was then intubated and body temperature was maintained in the range of 37-38 °C with a heating pad. A catheter was placed in a femoral artery for the recording of pulsatile arterial pressure. The adequacy of anesthesia was verified by the absence of the corneal reflex and a withdrawal response to nociceptive stimulation of a hind paw. The rat was then mounted in a stereotaxic apparatus with the incisor bar fixed 3.3 below the interaural line and the renal nerve exposed and prepared for recording as described previously (51) . A small portion of the dorsal surface of the cortex and midbrain were exposed to allow insertion of micropipettes into the IL and dorsomedial hypothalamus (DMH) (3.2 mm caudal to bregama, 0.6 mm lateral to the midline and 8.6 mm ventral to bregma. The MAP and HR were derived from the pulsatile arterial pressure signal via low-pass filter and a rate meter respectively. All signals were recorded on a computer using a PowerLab system (AD Instruments). Chart software was used to rectify and integrate the renal sympathetic nerve activity (RSNA).
Experimental Design
The first series of experiments examined the effect of acute microinjection of the neuroinhibitory compound muscimol (100 pmol/ 100 nl) into the IL cortex on the cardiovascular (HR and MAP), and thermogenic (Tco) responses evoked by 3 different stress paradigms: (1) cage switch (n=4); (2) restraint + air jet noise (n=4); (3) air-jet stress (n=12). In the cage switch and restraint paradigms+air jet noise, each rat was subjected in a random order to four different trials two days apart and in which either saline vehicle (100 nl) or muscimol (100 pmol/100 nl) was microinjected bilaterally into the IL cortex followed either by one of the stressors or allowed to remain in its home cage undisturbed (i.e., four trials: muscimol/control, vehicle/control, muscimol/stress, vehicle/stress). In cage switch stress, rats were transferred from their home cage to a new clean cage representing a novel environment for a period of 20 min. In restraint + air jet noise stress, rats were placed into an acrylic tube that was sufficiently restrictive as to prevent them from reversing direction for 20 min. The air jet pump was placed close to the cage to evoke only noise. In the air stress paradigm, which combines emotional and physical stressor, the rat was placed in an acrylic restraining tube and an air jet (10 L/min) was directed at the animal's head for 10 min, as previously described (50, 51) . Earlier studies also demonstrated that microinjection of a similar dose of muscimol (80 pmol) into the DMH effectively reduced the physiological responses evoked by air jet stress (44, 45) .
The second series of experiments aimed to determine if NMDA receptors in the IL cortex were involved in mediating the cardiovascular response evoked by cage switch and air jet stress.
For this, the effect on cardiovascular variables produced by cage switch or the air jet stress after unilateral microinjection of vehicle (100 nl) into the right IL cortex (n=5) was compared with the effect produced by air jet stress after similar microinjection of NMDA (6 pmol/100 nl; n=5). In the third series of experiments we tested the effect of unilateral microinjection of the selective NMDA receptor antagonist, AP-5 (100 pmol/100 nl) into the IL cortex followed by NMDA (6 pmol/100 nl) microinjection (n=5) on the cardiovascular changes induced by air jet stress. Each rat was subjected to microinjection of vehicle (100 nl; n=5) or AP-5 (100 pmol/100 nl; n=6) into the right IL cortex followed by injection of NMDA (6 pmol/100 nl) into the same site. After microinjections, animals were subjected to 10 minutes of air jet stress.
The fourth series was designed to examine if the projections from the IL to the DMH exert inhibitory control over the activity of neurons in the DMH whose activity is largely responsible for stress-induced cardiovascular changes. Microinjections of bicuculline (20 pmol/100 nl), a GABA A receptor antagonist, were made into the right side of the DMH using a glass micropipette held vertically in a micromanipulator. After variables returned to baseline conditions, a NMDA microinjection (6 pmol/100 nl) was made into the right IL followed immediately by a second microinjection of bicuculline into the DMH.
Histology
At the completion of experiments, rats were deeply anaesthetized with pentobarbital (80 mg/kg, i.p.) and Alcian Blue dye 2% (100 nl) was microinjected for subsequent histological identification of injection sites. The animals were subjected to transcardial perfusion with 60 ml ice-cold saline followed by 60 ml 4% buffered paraformaldehyde in 0.1 M phosphate-buffered saline. The brain was then removed, stored in 4% buffered paraformaldehyde overnight, and then transferred to a 30% sucrose solution until saturation. Coronal sections (40 μm) at the level of the IL cortex were cut on a cryostat, mounted on slides and then counterstained with neutral red for histological confirmation of the injections sites in the IL cortex. Sites of injections were approximated using the atlas of Paxinos and Watson as a reference (38) .
Data Analysis
For representation in figures, averages over 2 min interval were employed. Maximal changes (as means ± standard error of the mean) in HR, MAP and Tco were calculated using 2 min averages. For calculation of mean maximal changes in HR, MAP and Tco of cage switch and restraint + noise groups, the maximal change occurring within 20 min after injection or onset of stress was used. For calculation of mean maximal changes in HR, MAP of air jet stress groups, the maximal change occurring within 10 min after onset of stress was used. For calculation of mean maximal changes in HR, MAP and RSNA, the maximal change occurring within 10 min after the drug microinjection was used. Data were analyzed by Student's t test for paired or unpaired data. For all statistical analyses, the critical P value was P < 0.05.
Results
Microinjection of muscimol (100 pmol/100 nl) into the IL cortex had no effect upon baseline values of HR, MAP and Tco compared to vehicle control (table1). Exposure to cage switch stress elicited modest increases in body temperature (~ 0.45 ºC), HR (~ 76 bpm) and MAP (~12 mmHg). Bilateral microinjection of muscimol (100 pmol) into the IL cortex had no effect on the increases in MAP, HR and Tco evoked by cage switch stress compared to vehicle control (figure 1).
Restraint plus air jet noise caused increases in HR, MAP and Tco in muscimol treated animals which were not different from those seen in control animals (figure 2). Air jet stress evoked rapid tachycardia (~ 136 bpm) and increases in MAP (~ 15 mmHg). Bilateral microinjection of muscimol (100 pmol) into the IL had no effect on tachycardia and MAP increases evoked by air jet stress compared to that seen in control animals (figure 3). 
Discussion
Our results demonstrate that stimulation of neurons in the IL attenuates the cardiovascular response to air jet stress while inhibition of IL had no impact on cardiovascular and thermal responses to acute stress. While previous microinjection studies of the mPFC attempted to target specific regions of the mPFC (i.e. PL or IL) and discussed their findings accordingly, the volumes of injectate employed in these studies were considerably higher than those used here, ranging from 200 nl (30, 40, 42) to 500 nl (1) . In the present study, we attempted to limit the region affected by our microinjection to the IL cortex by employing a reduced volume (100 nl). Despite apparent functional differences, IL and PL are often treated as a single region with only minor differences in their efferent projections reported. However, a recent anatomical study using an anterograde tracer demonstrated that these two regions project very differently through the brain (49) . This might account for previous apparently conflicting results since the subregions of mPFC may have opposing influences upon sympathetic drive (20, 47) . In this regard, Tavares and co-workers recently demonstrated that IL and PL may have opposite roles in the cardiac response to acute stress (47) . Therefore a more restricted volume of injection, as shown in our histological analysis, might help to better discriminate the functional contribution of each region. However, it is important to note that the diffusion of alcian blue does not necessarily reflect the spread of drugs in our experiments.
In confirmation of a previous report (30), we found that bilateral microinjection of the GABA A receptor agonist muscimol into the IL cortex had no effect on baseline cardiovascular and thermal parameters of conscious rats. The dose of muscimol (100 pmol/100 nl) was chosen based on previous studies from our laboratory which demonstrated that microinjection of this dose into the DMH, a key region in the cardiovascular response to acute stress, attenuates the increases in HR, MAP and Tco evoked by air jet stress in conscious rats (14, 44) . Various studies have shown that inhibition or lesion of the mPFC has no effect upon basal HR and MAP (20, 41, 47, 48) . Our current results confirm and extend previous findings showing that neuronal activity in the mPFC has no tonic influence on either baseline cardiovascular variables or baseline temperature.
In this study we investigated the role of basal neuronal activity in the IL cortex in three different paradigms representing mild (cage switch), moderate (restraint plus noise) and maximal (air jet) stress. We showed that muscimol administration into the IL cortex had no effect upon the cardiovascular and thermal responses to any of these acute stresses. McDougall and colleagues demonstrated that inhibition of mPFC did not alter the cardiovascular response to restraint stress but significantly increased restraint stress-induced Fos expression, a marker for neuronal activation, in the DMH, suggesting that stress-induced activation of neurons in the DMH is inhibited by neuronal activity originating in the mPFC (30) . A potential reason for the failure of McDougall and colleagues to detect a possible amplification of the response to restraint stress after microinjection of muscimol into the mPFC is that restraint represents a maximal stress model so that no further amplification of the endpoints assessed was possible. If this were the case, we might have expected a significant enhancement of the cardiovascular response to cage switch stress, considered a mild stressor, in the present study. However, this was not observed. This is the first study to demonstrate that neurons in the IL cortex do not participate in thermoregulation under normal conditions or during acute stress. A number of subcortical structures have been shown to have thermoregulatory roles, including the medial preoptic area (mPOA) (5, 25) , raphe pallidus (rRP) (3, 8) , periaqueductal grey (PAG) (14, 15) and the DMH (16, 52, 53 ). The present results indicate that neuronal activity in the mPFC does not tonically influence the cardiovascular and thermal responses to acute stress.
Glutamatergic nerve terminals and ionotropic receptors have been described in the mPFC of the rat (23, 33) . In the present study we observed that microinjection of NMDA (6 pmol/100 nl) into the IL attenuated the increases in BP and HR evoked by air jet stress. It is important to note that microinjections performed outside IL have not attenuated the cardiovascular response to air jet stress. These clearly demonstrated that activation of the IL by stimulation of NMDA receptors can suppress stress-induced changes in the air jet paradigm.The dose of NMDA was chosen based on the study of da Silva and colleagues, which demonstrated that microinjection of this dose in the lateral/dorsolateral periaqueductal gray (l/dlPAG) produces increases in HR and MAP in conscious rats (11) . We also found that prior injection of AP-5 (100 pmol/100 nl) into the IL blocked the effect of subsequent injection of NMDA on the cardiovascular response to air jet stress. The dose of AP-5 was chosen based on the study of Soltis and DiMicco which demonstrated that microinjection of this dose into the DMH produced a selective blockade of local NMDA receptors and reduced the increases in HR and MAP seen in air jet stress (43) . Our findings raised the question of how activation of neurons in the IL attenuates the response to stress. In this regard, an anatomical study has shown that the IL, but not PL, projects significantly to the DMH (49) , where neuronal activity is known to be essential for the increases in HR, MAP, body temperature, and plasma ACTH seen in experimental air jet stress in rats (16) . By contrast, fibers from the PL mainly traverse the hypothalamus en route to the brainstem without synapsing locally. In comparison to the IL, the PL has less extensive and less dense descending projections to the hypothalamus, mesencephalon and brainstem. As indicated above, inhibition of the ventral mPFC by microinjection of muscimol significantly increased restraint stress-induced Fos expression, a marker for neuronal activation, in the DMH (30) , suggesting that stress-induced activation of neurons in the DMH is inhibited by neuronal activity originating in the mPFC. However, our current experiments showed that stimulation of neurons in the IL did not reduce baseline sympathetic activity, nor the sympathetic mediated cardiovascular response evoked by activation of DMH neurons with bicuculline (9, 19) . Therefore, the reduced tachycardia observed after IL stimulation in the air stress experiments requires an alternative explanation. In this regard, behavioral experiments have shown that the infralimbic and prelimbic regions of the mPFC in rats detect whether a stressor is under the organism's control (1, 2) . When the animal detects that a stressor is controllable, medial prefrontal cortex neurons would then inhibit the activation of dorsal raphe nucleus (DRN) neurons, which are normally activated by stress (1). Therefore, it is possible that the NMDA injection into the IL cortex is reproducing a phasic activation of a similar controllability circuit, which in turn reduces the cardiovascular response to air stress in that particular condition. This controllability circuit could trigger an specific behavioral response which results in reduction of stress-induced sympathetic response as recently reported (28) . The fact that NMDA injection into the IL did not alter the cardiovascular response to cage-switch paradigm is also intriguing. The simplest explanation is that air stress and cage-switch paradigms recruits different central pathways and circuits for triggering cardiovascular responses (36) . Further experiments are necessary to unravel the nature of this mechanism. Accordingly, subcortical structures other than the DMH may participate in these responses. The IL also sends more dense projections to several subcortical regions that are involved in autonomic nervous system control. A functional and anatomical study suggested that the hypotension evoked by stimulation of the IL in anesthetized animals is mediated at least in part by direct or indirect projections to the lateral hypothalamic area and PAG (17) . Owens and colleagues reported that the effects of stimulation of the IL are attenuated by inhibition of the nucleus of the solitary tract (NTS), suggesting that the projection to the NTS is another important pathway through which the IL influences the autonomic nervous system (35). Therefore, it is possible that the IL may modulate the autonomic output to the cardiovascular system through polysynaptic pathways.
A recent study by Tavares and coworkers showed that inhibition of the IL using CoCl 2 attenuated the tachycardia evoked by restraint stress without affecting the associated blood pressure response, thus suggesting that activation of the IL might facilitate restraint stressinduced tachycardia (47) . It is important to note that in the study of Tavares and colleagues (2009), CoCl 2 was used with the purpose of inhibiting neurons in the IL or PL. However, muscimol and CoCl 2 have different mechanisms of action that might account for this disparity.
CoCl 2 is an non-specific synaptic blocker that reduces presynaptic Ca 2+ influx, thereby interfering with neurotransmitter release (24, 29), while muscimol is thought to act as a universal inhibitor of neuronal activity by virtue of its GABA A receptor agonist activity (6) . Therefore, one possibility to be considered is that injection of CoCl 2 in the Tavares study could be blocking local GABA release within the IL, thus disinhibiting a possible downstream inhibitory projection of the IL. This would be similar to injecting NMDA into the IL. As mentioned above, another explanation for these opposite data is that because CoCl 2 was injected in a larger volume in the study of Tavares and colleagues, this agent may have diffused or spread to produce effects in the PL. In spite of that, the current data, in agreement with a previous study (30) , showed that inhibition of the IL using muscimol had no impact upon the cardiovascular response to acute experimental stress.
Perspectives and Significance
Our results provide evidence that the IL is not tonically involved in cardiovascular and thermogenic control during baseline conditions or different paradigms of acute stress. In addition, our findings do not appear congruent with the notion that the role of IL in cardiovascular response to acute stress is facilitatory, since inhibition of a facilitatory center would presumably attenuate the cardiovascular response to acute stress. On the other hand, the fact that activation of the IL via NMDA receptors can suppress the cardiovascular response to acute stress leads us to conclude that the role of IL cortex during stress is phasic and inhibitory.
The participation of a controllability circuit involving projections from IL cortex to dorsal raphe nucleus in the cardiovascular response to acute stress deserves to be investigated. Numbers indicate distance from bregma in millimeters. Tables   Table 1. Basal and maximal changes of mean arterial pressure (MAP), heart rate (HR) and core body temperature (Tco) before and after bilateral microinjections of vehicle or muscimol into IL cortex.
Results showed as mean ± SE. Results showed as mean ± SE.
Parameters
Microinjection Baseline values Changes
MAP (mmHg)
Vehicle n=5 111 ± 5 3 ± 2 NMDA n=5 106 ± 2 5 ± 2
HR (bpm)
Vehicle n=5 
